Human Ataxin-2 is implicated in the cause and progression of amyotrophic lateral sclerosis (ALS) and type 2 spinocerebellar ataxia (SCA-2). In Drosophila, a conserved atx2 gene is essential for animal survival as well as for normal RNP-granule assembly, translational control, and long-term habituation. Like its human homolog, Drosophila Ataxin-2 (Atx2) contains polyQ repeats and additional intrinsically disordered regions (IDRs). We demonstrate that Atx2 IDRs, which are capable of mediating liquid-liquid phase transitions in vitro, are essential for efficient formation of neuronal mRNP assemblies in vivo. Remarkably, DIDR mutants that lack neuronal RNP granules show normal animal development, survival, and fertility. However, they show defects in long-term memory formation/consolidation as well as in C9ORF72 dipeptide repeat or FUS-induced neurodegeneration. Together, our findings demonstrate (1) that higher-order mRNP assemblies contribute to long-term neuronal plasticity and memory, and (2) that a targeted reduction in RNP-granule formation efficiency can alleviate specific forms of neurodegeneration.
SUMMARY
Human Ataxin-2 is implicated in the cause and progression of amyotrophic lateral sclerosis (ALS) and type 2 spinocerebellar ataxia (SCA-2). In Drosophila, a conserved atx2 gene is essential for animal survival as well as for normal RNP-granule assembly, translational control, and long-term habituation. Like its human homolog, Drosophila Ataxin-2 (Atx2) contains polyQ repeats and additional intrinsically disordered regions (IDRs). We demonstrate that Atx2 IDRs, which are capable of mediating liquid-liquid phase transitions in vitro, are essential for efficient formation of neuronal mRNP assemblies in vivo. Remarkably, DIDR mutants that lack neuronal RNP granules show normal animal development, survival, and fertility. However, they show defects in long-term memory formation/consolidation as well as in C9ORF72 dipeptide repeat or FUS-induced neurodegeneration. Together, our findings demonstrate (1) that higher-order mRNP assemblies contribute to long-term neuronal plasticity and memory, and (2) that a targeted reduction in RNP-granule formation efficiency can alleviate specific forms of neurodegeneration.
INTRODUCTION
In neuronal processes, translationally repressed mRNAs are present in mRNP granules believed to be involved in the transport, localization, and translational regulation of synaptic mRNAs (Costa-Mattioli and Klann, 2017; Knowles et al., 1996; Martin and Ephrussi, 2009) . Consistent with this, several RNP-granule proteins have been shown to be required for mRNA transport and/or long-term memory (Dubnau et al., 2003; Sudhakaran et al., 2014; Tang et al., 2001 ). However, despite considerable interest in individual mRNP components, what the specific roles of higher-order mRNP assemblies in neurons may be remains unclear. A clear answer to this question requires the ability to specifically target the process of mRNP assembly without affecting other activities of RNPcomponent proteins and mRNAs.
How do mRNP granules assemble in vivo? Recent molecular analyses have shown that intrinsically disordered regions (IDRs), which are strikingly enriched in RNA-binding proteins (RBPs), may play key roles in the assembly of cytoplasmic RNP granules, including P-bodies, stress granules, and neuronal RNP granules (Calabretta and Richard, 2015; Jain et al., 2016; J€ arvelin et al., 2016; Kedersha et al., 2013; Sudhakaran and Ramaswami, 2017; Varadi et al., 2015) . Consistent with function in granule assembly, when examined in vitro, IDRs from neuronal RNP-granule proteins can transition from a dispersed soluble phase into a condensed liquid or ''liquid-droplet'' phase that may include RNAs as well as additional RBPs (Lin et al., 2015; Patel et al., 2015; Zhang et al., 2015) . In alternative conditions, the same IDRs drive formation of hydrogels, which can also similarly recruit additional RNP-granule proteins (Kato et al., 2012) . These biochemical properties of IDRs appear relevant to RNPgranule assembly because the deletion of IDRs from yeast Lsm4 or mammalian TIA-1 proteins can respectively lead to loss of P-bodies or stress granules in specific conditions (Decker et al., 2007; Gilks et al., 2004) .
A role for IDRs in mediating protein assembly is also indicated by the striking observation that mutations in IDRs of RNA-associated proteins such as TDP-43, Fus, and hnRNPA1 are frequently associated with heritable forms of amyotrophic lateral sclerosis (ALS) (Cirulli et al., 2015; Elden et al., 2010; Ramaswami et al., 2013; Taylor et al., 2016) . Such ALS-associated mutations result in hyper-assembly, typically increasing the intrinsic amyloid-forming propensity of IDRs in vitro (Guo et al., 2011; Kim et al., 2013) . Both idiopathic and heritable forms of ALS are associated with intracellular inclusions enriched in RNP-granule proteins (Gopal et al., 2017; Hart et al., 2012; Li et al., 2016; Lin et al., 2016; Markmiller et al., 2018) . These and other data have led to a model in which RNP granules, with high concentrations of IDR-containing proteins, act as ''crucibles'' in which pathogenic protein aggregates can form (King et al., 2012; Li et al., 2013; Malinovska et al., 2013) . In partial support of this model, knockdown of Ataxin-2 (Atx2), a multifunctional RNP-granule protein that also contributes to normal RNP-granule formation (Nonhoff et al., 2007; Sudhakaran et al., 2014; Swisher and Parker, 2010) , slows down the progression of neurodegenerative pathologies observed in murine models of ALS (Becker et al., 2017; Lee et al., 2016; Scoles et al., 2017) . Thus, understanding how neuronal RNP granules form and function in vivo is important from fundamental and clinical perspectives.
Two major questions remain to be addressed. First, what are the biological functions of RNP granules in general and neuronal RNP granules in particular? While ubiquitous in cells, the loss of higher-order RNP assemblies often results in only slight or negligible consequences (Eulalio et al., 2007) . One possibility is that neuronal RNP granules themselves are non-essential. Another possibility is that they are necessary only for specific functions such as regulating the transport and/or local translation of mRNAs required for the induction and consolidation of longterm memory. The second question is whether RNP-granule formation contributes causally to the initiation and/or progression of neurodegenerative disease. Although there are multiple lines of correlational evidence, it has yet to be demonstrated that mutants with specific and restricted defects in RNP-granule formation are resistant to neurodegeneration. We addressed these two questions in Drosophila through an in vivo structure-function analysis of Atx2, an RNP-granule protein required for long-term olfactory memory in Drosophila, dominant mutations in which can cause heritable forms of ALS or spinocerebellar ataxia type 2 (SCA-2).
RESULTS

Disordered Domains of the Atx2 Protein Are Dispensable for Organism Viability
In Drosophila, Atx2 is encoded by a single gene, essential for fly survival. In contrast, mammals have two homologous genes, ATXN2 and a highly conserved ATXN2-L, which provide partially overlapping cellular functions. The presence of ATXN2-L likely explains the observation that null ATXN2 mutant mice are largely viable with relatively subtle phenotypes (Kiehl et al., 2006) . Thus, genetic experiments to analyze Atx2 functions in vivo are greatly simplified in the fly.
Drosophila Atx2 is required for multiple functions including animal survival, cell growth, and behavioral plasticity (Lim and Allada, 2013; McCann et al., 2011; Satterfield et al., 2002; Zhang et al., 2013) . To identify functionally distinct regions of the Atx2 protein, we created and analyzed flies carrying domain-specific deletions (Figure 1 ; STAR Methods).
All Atx2 polypeptides from yeast to mammals contain conserved LSM, LSM-AD, and PAM2 domains believed to be respectively involved in mRNA binding and processing, Clathrin-mediated trans-Golgi trafficking, and interactions with poly(A)-binding protein (PABP) (Albrecht et al., 2004; Jimé nez-Ló pez and Guzmá n, 2014; Yokoshi et al., 2014) . Insect Atx2 and mammalian ATXN2 proteins (but not the related mammalian ATXN2-L) also contain endogenous polyglutamine (pQ) repeats ( Figure S1 ). This is significant because pQ repeat expansions The protein sequence of Atx2 includes the previously identified LSM, LSM-AD, and PAM2 domains. The figure additionally shows IDRs including potential PD (aa 407-493), two pQ domains (aa 548-571 and aa 616-656, respectively), and C-terminal IDR (aa 900-1084 Table S1 . Curves above the figure show the FoldIndex as a measure of likelihood of folding and PAPA score (Toombs et al., 2012) as a measure of prion propensity. For a comparison of human and Drosophila Atx2, see Figure S1 .
in human ATXN2 from 27 to 32 repeats increase ALS risk, whereas longer expansions are causative for SCA-2 (Elden et al., 2010; Imbert et al., 1996; Pulst et al., 1996) . Atx2 proteins contain additional IDRs of unknown function ( Figure S1 ) including, in Drosophila, a predicted C-terminal IDR (Figure 1 ). We created modified transgenes, positioned in the same genomic locus, that were deleted for the LSM domain (61-166); the LSM-AD domain ; the PAM2 domain (855-869); the internal IDR (mIDR) that includes a prion-like domain (PD) (residues 420-440) as well as adjacent, endogenous pQ repeats (548-656); or the C-terminal IDR (cIDR) that deletes disordered elements (residues 900-1084) near the C terminus of the protein (Figure 1 ; STAR Methods). We tested whether any of these different domain-deleted transgenes could provide essential functions of Atx2 in vivo (Table S1 ; Figure 1) Table S1 ). Therefore, the functions of these IDRs are non-essential. One possibility is that these regions modulate RNP-granule assembly (Nonhoff et al., 2007) , which we addressed via a series of experiments, beginning with analysis of RNP granules in cultured cells.
Disordered Domains of Atx2 Contribute to RNP-Granule Integrity in S2 Cells
We interrogated Atx2 IDR function in Drosophila S2 cells, where we could observe the incorporation of endogenous and ectopically expressed Atx2 into RNP granules. Initial experiments indicated that endogenous Atx2 marks RNA stress granules in S2 cells that are compositionally similar to foci marked by Atx2-GFP expressed from a transfected Atx2-GFP plasmid (Figures 2F and S2) . In unstressed cells, endogenous Atx2 is most frequently seen diffusely in the cytoplasm or in very small puncta, a distribution similar to several other stress-granule proteins . However, exposure to arsenite, which mediates oxidative stress, causes Atx2 to accumulate in large cytoplasmic puncta. These Atx2 puncta are enriched in Me31B/DDX6, FMR1, Rox8, and Caprin, well-known markers of RNA stress granules , as previously described in Drosophila S2 cells (Farny et al., 2009) . In cells overexpressing Atx2-GFP under the control of the native atx2 promoter or UAS, even in the absence of stress, about 80% of cells show Atx2 foci similarly enriched in all stress-granule proteins we examined . These Atx2 granules also contain mRNA for CaMKII, which we visualized using MS2-MCP-GFP tagging (Ashraf et al., 2006; Weil et al., 2010) ( Figures 2K-2L '''). Together, these observations indicate that Atx2-GFP foci in S2 cells represent stress-granule-related RNP assemblies rather than non-specific protein aggregates. We asked how these granules were altered if the mIDR or cIDR was deleted from Atx2-GFP (Figure 3) .
Loss of the mIDR did not cause any visible change in the number or brightness of Atx2-GFP granule in transfected S2 cells ( Figure 3B ). This could indicate either that this domain is dispensable for granule assembly when other IDRs are present or, since Drosophila S2 cells also express endogenous Atx2, that endogenous granule proteins can efficiently recruit mIDR-deleted Atx2 into the granules. In contrast, however, loss of the cIDR results in drastic reduction in the number of cells that formed granules, as well as in a dramatically altered granule morphology (Figures 3C and 3C') . This indicates that the cIDR is required for normal assembly of Atx2 into RNP granules. Consistent with a dominant effect of the ectopically expressed DcIDR variant, no normal Me31B or native Atx2 granules were observed in Atx2DcIDR-GFP-expressing cells ( Figures S3G-S3L) . However, about 30% of these cells contained unusual, large granules, with unpredictable shapes that could be seen to change fluidly under the fluorescent microscope ( Figure 3C '; Video S1). This latter observation suggested that some level of Atx2-GFP assembly is possible in S2 cells even in the absence of the cIDR. Consistent with this premise, deleting both the mIDR and cIDR from Atx2 almost completely removes Atx2 granules in S2 cells ( Figures  3D and S3M-S3O ).
We extended these conclusions by using fluorescence recovery after photobleaching (FRAP) analysis to assess intragranule dynamics of wild-type and IDR-deleted forms of Atx2. If Atx2-GFP molecules within a central region of a single RNP granule are photobleached by focused laser illumination, the rate at which fluorescence recovers in this bleached spot will provide a measure of intra-particle Atx2-GFP mobility. Wild-type Atx2-GFP shows a relatively slow recovery (10% recovery after 100 s) after photobleaching . There was no measurable difference in the FRAP efficiency between wild-type Atx2-GFP and Atx2D mIDR-GFP (Figures 3B, 3F, and Figure S3Q '-S3Q'''). However, in the large fluid-like assemblies containing Atx2DcIDR-GFP, bleached spots recovered much faster (Figures 3C, 3C', 3F, and S5R-S5R'''). This faster recovery rate (32% recovery after 100 s) indicates that Atx2DcIDR-GFP assemblies are held together by weaker and more dynamic interactions than granules observed in Atx2-GFP-and Atx2DmIDR-GFPexpressing cells. Thus, the cIDR is essential for the strength and stability of Atx2 interactions that drive RNP-granule formation in S2 cells.
Interestingly, cIDRs do not assemble on their own in S2 cells and therefore additional protein-protein interactions also contribute to granule assembly (Figures S3S and S3T) . Such interactions could potentially be mediated by structured protein domains acting, for example, by determining the physical proximity of interacting IDRs in vivo (Jonas and Izaurralde, 2013 
Atx2 IDRs Drive Liquid-Liquid Phase Transitions In Vitro and RNP Assembly In Vivo
If Atx2 IDRs mediate homotypic interactions, then purified IDRs may be expected to undergo liquid-liquid phase transitions (LLPSs) in appropriate conditions in vitro (Banani et al., 2017) . We expressed SNAP-tagged, MBP-fusion proteins of mIDR (residues 351-750) or cIDR (residues 900-1084) in E. coli and examined the ability of these protein regions to undergo LLPSs in vitro in the absence and presence of RNA ( Figure 4 ). Purified mIDR of Atx2 protein did not show LLPSs at 10 mM concentration (300 mM NaCl and 10% PEG3350). However, under these conditions the mIDR-including fragment was capable of binding AU-rich RNA as revealed by RNA gel-shift experiments ( Figure S4 ). In the presence of 2 mM AU-rich RNA, the mIDR-containing fragment showed robust phase separation, consistent with a model in which RNA serves to stabilize and template multivalent interactions required for LLPS ( Figure 4A ). If the PD and pQ elements are deleted, then this protein fragment fails to show LLPS with or without RNA, demonstrating that the predicted prion and pQ sequences of the protein affect the RNA-dependent phase separation ( Figure 4B ). Thus, the mIDR has the potential to contribute to Atx2-dependent mRNP assembly in vivo in an RNA-dependent manner.
We also observed that the cIDR polypeptide showed robust RNA-independent LLPS in vitro, suggesting that this region is also capable of mediating protein-protein interactions that contribute to RNP-granule formation ( Figure 4C ). Taken together, we identify two regions of the Atx2 protein that are capable of self-assembly in vitro and in S2 cells: the cIDR, which has a strong effect on RNP-granule assembly in S2 cells and is prone to LLPS in vitro, and the mIDR, which undergoes RNAdependent assembly in vitro, but appears to be non-essential in S2 cells when the cIDR is still present in Atx2. These results imply that both the cIDR and mIDR domains could function in RNP-granule assembly in vivo.
To determine whether the IDRs of Atx2 are essential for RNP-granule formation in vivo, we compared RNP-granule numbers across identical neuronal subclasses in wild-type and IDR-deficient animals. Olfactory projection neurons (PNs) contain cytoplasmic RNP granules enriched in Me31B, Staufen, DCP1, and Pacman/Xrn1 (Hillebrand et al., 2010) . We created small clusters of genetically marked PNs and asked how these P-body-related RNP granules were altered in cells lacking Atx2-IDRs, when compared to granules in wild-type or mutant PNs, genetically null for Atx2. Our observations clearly show that both the mIDR and cIDR of Atx2 Figure 3I ; p < 2.0*10 À3 and p < 1.3*10 À5 , respectively).
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These observations demonstrate that both mIDR and cIDR domains of the Atx2 protein are essential for the normal formation of RNP granules observed in neurons in vivo. Our finding that the mIDR deletion has no significant effect on granule assembly in S2 cells can most easily be explained by the presence of wild-type endogenous Atx2 in S2 cells, in contrast to complete absence of wild-type Atx2 in PN clones. Taken together with other observations (Figure 1 ; Table S1 ), these in vivo observations also indicate that the efficient formation of Atx2-dependent RNP granules, at least in these neurons, is not necessary for animal survival.
Importantly, the availability of viable animals, normal for essential Atx2 functions but specifically deficient in assembly of Atx2-dependent RNP granules, offered the unique opportunity to examine biological and pathological functions of such RNP granules in vivo.
Atx2, but Not Its IDRs, Is Required for Normal Dendrite Pathfinding In Vivo Complete loss of Drosophila Atx2 has been reported to cause defects in tissue growth in non-neuronal cells (McCann et al., 2011; Satterfield et al., 2002) . We therefore examined how loss of Atx2 impacted normal development and morphology of GFP-marked atx2 x1 / atx2 x1 PNs created using the MARCM technique as described above. We observed no evidence of PN cell death or PN clone size in atx2 x1 / atx2 x1 compared to wild-type controls. However, normal dendritic pathfinding of these neurons was strikingly disrupted.
We examined dendritic targeting by analyzing how GFPmarked PN dendrites projected to the $60 stereotypic PN target zones, ''glomeruli'' in the fly antennal lobe (Sudhakaran et al., 2014) . In wild-type antennal lobes, individual PNs project their dendrites to a unique glomerulus. Thus, in preparations with small numbers of labeled PNs, dendrites are tightly restricted within few glomeruli and do not spread beyond glomerular boundaries (see marked wild-type PNs in Figure 5A and corresponding schematic in Figure 5E ). In atx2 x1 / atx2 x1 mutant PN clones, there is far less stringent targeting of PN dendrites. Mutant dendrites grow across glomeruli borders and innervate multiple glomeruli as opposed to just one (arrow in Figure 5B and schematic in Figure 5F ). This indicates a previously unknown, cell-autonomous role for Atx2 in normal wiring of the nervous system. (E and F) Schematics showing normal and variant dendrite targeting in wildtype (E) and atx2 X1 mutant PNs (F). In the wild-type, dendrites converge on and densely arborize within a single glomerulus, whereas in the mutant they are imprecisely targeted and widely dispersed. For quantification, images were blinded and scored for dendritic pathfinding defects.
are not required either for organism survival or for the dendrite targeting function of Atx2.
Atx2 IDRs Are Required for Protein SynthesisDependent Long-Term Habituation Additional experiments described below provided insight into a physiological function for RNP granules in vivo. mRNP assemblies are thought to function in both the transport of mRNAs to synapses and in maintaining a pool of translationally repressed mRNAs available for activity-induced translation that is required for long-term synaptic plasticity and long-term memory (Kim and Martin, 2015; Mayford et al., 1996; Rangaraju et al., 2017; T€ ubing et al., 2010; Wang et al., 2016) To directly assess whether RNP granules are required for long-term memory formation, we assessed both short-term (gene-expression independent) and long-term (translation dependent) forms of olfactory habituation (STH and LTH) in control flies as well as in DmIDR and DcIDR mutant animals ( Figures 6A-6D and S5A) . Loss of the mIDR and cIDR from Atx2 did not affect STH (Figure 6C) . This is consistent with observations indicating an anatomically normal antennal lobe (Figure 5) , the structure in which we have shown that plasticity events underlying STH and LTH reside (Glanzman, 2012; McCann et al., 2011; Sudhakaran et al., 2014) .
In contrast, and critically, loss of either the mIDR or cIDR from Atx2 greatly reduced LTH ( Figure 6D ; Student's t test, p < 3.3*10 À4 and p < 6.4*10
À5
, respectively). This substantially advances previous observations on Atx2 function in memory (McCann et al., 2011; Sudhakaran et al., 2014) arguing that Atx2 contributes to LTH through its IDRs by facilitating the assembly of RNP granules.
To examine whether the effect on long-term memory (LTM) was due to reduced transport of synaptic RNAs or due to defects in their translational control, we examined how Atx2 IDR deletions affected Drosophila CaMKII, whose mRNA is translationally regulated by neural activity and by RNP-granule proteins including Me31B, FMRP, and Atx2 in PNs (Ashraf et al., 2006; Das et al., 2011; Hillebrand et al., 2010) . Interestingly, levels of expression of a CaMKII translational reporter were significantly increased when examined in synapses of olfactory PNs carrying Atx2 IDR deletions, arguing against a defect in mRNA transport to synapses ( Figures S5B-S5E ). This supports a model in which neuronal RNP granules contribute to the translational control of synaptic mRNAs during the induction or consolidation of long-term memory.
Atx2 IDRs Are Required for Efficient GR50 Dipeptide Repeat and FUS-Induced Neurodegeneration Mammalian ATXN2 has been proposed as a target for ALS therapeutics because silencing of Atx2/ATXN2 in neurons can slow down the progression of ALS phenotypes observed in mouse and/or Drosophila models of TDP-43 or C9ORF72 dipeptide toxicity (Becker et al., 2017; Lee et al., 2016; Scoles et al., 2017; Yu et al., 2011 ). An appealing model, based on the suggestion that RNP granules provide a microenvironment for the formation of pathological aggregates, is that Atx2 knockdown suppresses toxicity in these ALS models by reducing RNP granules. Given the variety of normal Atx2 functions, it is important to determine if knockdown of Atx2 suppresses toxicity by reducing RNP granules, or by affecting some other functions of Atx2.
To address this issue, we first tested whether C9OFR72-encoded dipeptide repeat GR50 and FUS, two pathogenic proteins associated with ALS and previously linked to RNP stress granules, co-localized with Atx2 RNP granules in Drosophila S2 cells. Both GR50 dipeptide repeat and dFUS when expressed in S2 cells were observed in granules that co-localized with wildtype Atx2 ( Figures 7A-7A'' and 7G-7G'' ). To test whether this localization was dependent on the Atx2-cIDR, we asked if and how it was perturbed by expression of a cIDR-deleted form of Atx2. Strikingly, both GR50 dipeptide repeat and dFUS failed to assemble into granules in S2 cells that expressed Atx2DcIDR (Figures 7B-7B'' and 7H-7H''). Thus, the Atx2 cIDR contributes to and promotes the formation of granules to which GR50 and dFUS are localized in S2 cells. Based on these cell biological observations, we then asked whether Atx2's ability to form RNP granules to which pathogenic proteins are localized is necessary for its ability to promote the neurodegeneration in Drosophila C9ORF72 dipeptide repeat and FUS models for ALS. To do this, we independently expressed C9ORF72-encoded GR50 dipeptide repeat or FUS in the Drosophila eye using GMR-Gal4 in wild-type or Atx2DIDR mutant flies. Remarkably, cytotoxic effects of a GR50-GFP or FUS expression in the eye were suppressed by deletion of Atx2-IDRs, with particularly strong suppression observed in cIDR mutants.
At 25
C, GMR-Gal4 > GR50 flies with wild-type Atx2 showed 44.1% pupal lethality and 14.3% of eclosing flies exhibited visible eye defects (n = 154; Figures 7C, 7F , S6O, and S6P). In contrast, GMR-Gal4 > GR50 flies examined in a DmIDR/DmIDR or DcIDR/DcIDR background showed greatly reduced effects of dipeptide expression. GMR-Gal4 > GR50; DmIDR/DmIDR flies showed 32.2% and 7.9% of pupal lethality and eye defects, which is lower than that seen in GMR-Gal4 > GR50 flies alone (n = 152; Figures 7D and 7F) . In GMR-Gal4 > GR50; DcIDR/ DcIDR flies, suppression of defects induced by GR50 dipeptide expression was even more pronounced (5.8% and 1.6% of pupal lethality and eye defects) (n = 190; Figures 7E and 7F) . The eye degeneration rescue with IDR deletions could be reproduced across lower temperatures (18 C and 22 C) with lower penetration ( Figures S6A-S6N ).
This ability of the cIDR deletion to suppress neurodegeneration is not exclusive to the C9ORF72 dipeptide repeat model. Consistent with previous observations (Chen et al., 2011) , we Sample size to the right of the bar graph (F). Temperature dependence of these phenotypes is documented in Figures S6A-S6N . found that expression of human FUS protein expression in the Drosophila eye caused eye degeneration in 100% of GMRGal4 > FUS flies wild-type for Atx2, with either mild or severe phenotypes in 32.3% or 67.7% of flies, respectively (n = 65; Figures 7I and 7L) . FUS-induced degeneration was significantly reduced in flies lacking Atx2-IDRs. While FUS-expressing DmIDR/DmIDR flies showed slightly reduced cytotoxicity (8.8% of flies showed entirely normal eyes, n = 68) ( Figures 7J  and 7L ), FUS-expressing DcIDR/DcIDR fly eyes appeared close to normal. Thus, in GMR-Gal4 > FUS; DcIDR/DcIDR flies, 58% flies had no deductible phenotype, with only 28% and 24% showing mild and strong eye degeneration, respectively (n = 100; Figures 7K and 7L ). These observations argue that the ability of Atx2 to form RNP granules is necessary for it to facilitate both FUS-and GR50-induced cytotoxicity (see Discussion).
Atx2-GFP Atx2ΔmIDR-GFP Atx2ΔcIDR-GFP GMR-Gal4; UAS-GFP-GR(50) UAS-GFP-GR(50), Atx2-GFP / Atx2-GFP UAS-GFP-GR(50), Atx2ΔmIDR-GFP / Atx2ΔmIDR-GFP UAS-GFP-GR(50), Atx2ΔcIDR-GFP /
(G-H'') S2 cells transfected with dFUS-GFP (cabeza-GFP) and UAS-Atx2-Snap. Both dFUS (G) and Atx2 (G') co-localize in stress granule-like aggregates (G''). In contrast, S2 cells expressing dFUS-GFP and UAS-Atx2DcIDR-Snap show a diffused distribution of both dFUS-GFP (H) and Atx2DcIDR (H'
)
DISCUSSION
We provide multiple lines of evidence to demonstrate that the mIDR and cIDR of Atx2 are dispensable for the essential functions of the Atx2 protein, but function to support RNP-granule assembly in neurons. First, purified mIDR and cIDR undergo self-assembly into liquid-like droplets in vitro (Figure 4) , although the mIDR self-assembly requires the presence of RNA. Second, the cIDR is required for the robust formation and normal dynamics of Atx2-containing, stress-granule-related RNP granules in S2 cells (Figure 2 and 3) . Third, the deletion of the mIDR or cIDR leads to substantial loss of RNP granules in Drosophila neurons (Figure 4 ). Although our work does not exclude additional, yet unknown functions for the Atx2-IDRs, the conclusion that the Atx2 mIDR and cIDR promote RNP-granule assembly in Drosophila neurons is both clear and consistent with previous observations indicating roles for protein IDRs in RNP-granule assembly in organisms including Saccharomyces cerevisiae, Caenorhabditis elegans, and Xenopus laevis (Brangwynne et al., 2011; Decker et al., 2007; Gilks et al., 2004; Wang et al., 2014) .
Through analysis of Drosophila deficient in mRNP assembly, we provide evidence that neuronal RNP granules are required for long-term memory formation, in particular for olfactory LTH that arises from strengthening inhibitory synapses made on PNs in the antennal lobe ( Figure 6 ) McCann et al., 2011) . The key observations are that both the mIDR and cIDR deletions in Atx2 lead to loss of RNP granules in memory-encoding neurons, as well as a loss of LTH (Figures 4  and 6 ). Moreover, since we demonstrate that mIDR and cIDR deletion in Atx2 does not significantly affect development, as assessed by the presence of normal short-term memory (STM) and neuronal pathfinding (Figures 6 and 5) , the effect on LTH can be strongly inferred to occur due to defects in a process required specifically for long-term plasticity in mature neurons.
Loss of RNP granules might affect long-term neural plasticity through different alternative mechanisms. For example, complete loss of Atx2 may lead to precocious translation of mRNAs and thereby prevent the ability to upregulate translation during synaptic activity. Consistent with such a model, RNAi-mediated Atx2 knockdown in these neurons results in increased basal levels of a synaptically localized CAMKII-reporter protein (Sudhakaran et al., 2014) . Alternatively, RNP-granule formation could be required for proper transport and/or stability of key synaptic mRNAs that remain to be identified. In either case, a parsimonious explanation is that neuronal mRNP granules act to provide a local reservoir of quiescent, translationally repressed mRNAs. Synaptic activity may trigger granule disassembly, thereby contributing to unmasking of quiescent mRNAs and facilitating a burst of protein synthesis required for steps in the induction and consolidation of long-term plasticity.
More generally, the effects of Atx2 IDR deletions on LTM serve to demonstrate biological function for higher-order mRNP assembly in vivo. While several RNP-granule proteins have important functions, it has been hitherto not possible to selectively isolate and determine the role of granules per se by disrupting mRNP assembly without affecting other activities of the proteins involved in granule formation. The observation that mutants with selective defects in neuronal mRNP assembly show defects in LTH therefore provides a potent example of a physiological function for RNP granules in vivo. This RNP-granule-focused explanation for how Atx2 IDRs function in long-term plasticity differs from an unusual mechanism proposed to explain how an IDR in CPEB/ Orb2, a different RBP, functions in long-term memory. For CPEB/Orb2, the N-terminal, prion-like IDR is postulated to drive activity-induced and potentially self-sustaining conformational transitions into an oligomeric protein form that promotes elevated levels of synaptic mRNA translation (Si and Kandel, 2016) . Our observations suggest that IDRs in RBPs may function through different mechanisms for cellular and behavioral plasticity (Sudhakaran and Ramaswami, 2017) .
Finally, we present evidence that RNP-granule formation per se contributes to the toxicity of FUS and C9ORF72-encoded dipeptide repeat-induced neurodegeneration. Clinical genetic studies showed that a GGGGCC (G 4 C 2 ) hexanucleotide repeat expansion in the second intron of C9ORF72 cause ALS in human patients (DeJesus-Hernandez et al., 2011; Renton et al., 2011) . The C9ORF72 pathogenic mechanism is at least partially mediated by G 4 C 2 -encoded glycine-arginine (GR) and proline-arginine (PR) repeats, which induce the formation of SG-related RNP assemblies (Mizielinska et al., 2014; Mori et al., 2013; Wen et al., 2014) . Purified C9ORF72 dipeptides have the ability to phase separate to form liquid-like protein assemblies in vitro (Boeynaems et al., 2017) . However, in vivo the assembly of these dipeptides into granules is likely modulated by multiple factors, including interactions with and among non-translating RNAs .
We observe that deletions of the mIDR or cIDR domains in Atx2 are sufficient to suppress toxicity caused by FUS or GR50 overexpression in the Drosophila eye. We further observe that the cIDR deletion from Atx2 could indeed alter dFUS or GR50 dipeptide granules in S2 cells (Figure 7 ). This extends earlier work showing that Atx2 knockdown can suppress toxicity associated with TDP-43 and C9ORF72 models for ALS (Jovi ci c et al., 2015; Lee et al., 2016) , and extends it to an FUS-induced neurodegeneration model, arguing that the mechanism by which Atx2 knockdown suppresses toxicity is by reducing RNP-granule assembly.
The observation that Atx2DIDR mutants, which selectively affected granule assembly, also inhibited GR50-induced neurodegeneration provides the strongest and most direct argument to date that RNP-granule formation itself promotes processes involved in the initiation and progression of neurodegeneration. Together, the data support a model in which the assembly of RBPs creates a microdomain concentrated in RBPs capable of amyloid formation, potentially increasing the likelihood of the formation of stable amyloid fibers. We suggest that RNP granules may also be similarly involved in other forms of neurodegeneration. Consistent with this, drugs that target the eIF2a kinase pathway and reverse stress-granule assembly appear to be neuroprotective in a wide range of neurodegeneration models (Moreno et al., 2013; Sidrauski et al., 2015) . Thus, our observations further support the value of developing therapeutic strategies that target mechanisms of mRNP assembly.
Taken together, this work provides specific insight into molecular mechanisms of Atx2 function and demonstrates the in vivo role of its IDRs in the assembly of mRNPs into RNP granules in neurons. Through analysis of RNP-granule-deficient mutants, it provides strong and direct evidence to show that higher-order mRNP assemblies in neurons contribute to physiological processes required for the induction or consolidation of long-term memories as well as to pathological processes that facilitate neurodegenerative disease (Figure 8 ).
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Generation and rearing of Drosophila stocks Drosophila stocks used in the study were reared in corn meal media at 25 C. For experimental purposes, they were shifted to the specified temperature as required. Details on sex and age of flies used are described in the respective experiments. The fly stocks used in the study are listed in Key Resources Table. S2 cell Culture S2R+ Drosophila cells were obtained from DGRC and cultured in semi-adhering state in Schneider's medium with 10% FBS, penicillin and streptomycin at 25 C.
METHOD DETAILS Creation of genomic atx2 and UAS-FUS transgenes
The details of the atx2 BAC clone engineering and rescue are as described in McCann et al. (2011) . For the Atx2 domain deletion mutants the Atx2 BAC clone was engineered using the QuickChange II Site-Directed Mutagenesis (Agilent Technologies). The primer sequences used for cloning are listed in Table S2 . The engineered BAC clones were integrated into the second chromosome using phi-C31 at VK00037 landing site (Venken et al., 2008) . The details of the viability are described in Table S1 . The HA-FUS WT was generated by site-specific insertion of the transgene using the pUAST-attP2 vector. To generate transgenic flies carrying UAS-FUS WT (HA tag at N terminus), the full length FUS sequence, was cut from pCINeo vector carrying HA-FUS WT cDNA and cloned into the pUAST-attP2 vector to allow targeted integration into the att2 site on the third chromosome. Embryo injection was performed by the BestGene. The UAS-Atx2-Snap construct was generated via Gateway cloning. The Atx2 ORF including P1 and P5r Gateway linker was amplified by PCR from the Atx2 cDNA clone GH13857 (DGRC). The Snap-tag including P5r and P2 Gateway linker was amplified via PCR from a BRP-Snap plasmid (Kohl et al., 2014) . The PCR-fragments were cloned into pDONR-221-P1-P5r and pDONR-221-P5-P2 respectively using the Gateway system (Invitrogen). For primer sequences, see Table S2 . Both pDONR clones were simultaneously cloned into the pUASt-AttB-Gateway vector. UAS-Atx2DcIDR-Snap was made by PCR cloning from the UAS-Atx2-Snap plasmid.
CRISPR-induced genome engineering
For targeted engineering of endogenous Atx2 gene, we used CRISPR genome engineering method described elsewhere with few modifications (Port et al., 2014) . The Atx2 gene deletion was performed using two gRNA expressed from single plasmid (dual guide plasmid) injected in to the VASA-Cas9 flies. The gRNAs were targeted at 5 0 UTR and 3 0 UTR of Atx2 that resulted in deletion of the whole coding region and the screening was done with PCR and sequencing.
We adopted CRISPR with homologous recombination (HR) for generation of Atx2 gene tagging and domain deletions. Atx2 gene was PCR amplified from the GFP tagged fosmid library and was shuttled into PUC19 vector. The PAM sites at both the gRNA binding sites were mutated using PCR based site directed mutagenesis. The HR clone contains 1kb upstream and downstream recombination arms from PAM site to assist HR. To facilitate screening, we inserted dsRed driven by 3XP3 eye promoter in the first intron of Atx2 HR plasmid, transcribed in opposite orientation to Atx2 gene. The dual gRNA containing plasmid was mixed with HR plasmid in 1:3 ratios and injected into the VASA-Cas9 flies and screened for dsRed eye marker. The established fly lines were sequence validated. The HR plasmid and sequence with annotation is described in Figure S7 and the primer sequence details are in Table S2 .
Creating GFP marked adult PN clones via MARCM To induce MARCM clones (Lee and Luo, 2001 ) hsFLP, UAS mcd8-GFP;; FRT82b tubulin Gal80 flies were crossed to NP225 Gal4; Atx2 X1 FRT82b/ TM3Ser. Flies were raised at 25 C and transferred regularly to a new vial for timed egg collections. 24-60h after hatching larvae were heat-shocked for 2h at 37 C. This time point was chosen to preferentially induce cell clones in PNs projecting to the DL-1 glomerulus (Ostrovsky et al., 2013) . Heat-shocked larvae were transferred back to 25 C, raised to adulthood, and female adult flies were dissected 1-4 d after eclosion. For rescue experiments, the respective rescue lines on the 2 nd chromosome were recombined to NP225 Gal4. Clones were imaged on a Zeiss LSM510 with a 63x objective (Zeiss Plan-Apochromate, 1.4 Oil Ph3) and the ''digital zoom'' set to 4 for Me31B spots in projection neurons and set to 2 for dendritic arborisation patterns.
Immunohistochemistry of adult Drosophila brains
Brains were prepared according to Sudhakaran et al. (2014) . Primary antibodies used: mouse anti-Me31B (1:100) (Nakamura et al., 2001) , rabbit anti-GFP (1:1,000) (Molecular Probes), chicken anti-GFP (1:1,000) (Abcam), mouse anti-Nc82 (1:100) (Kittel et al., 2006) . The primary antibody incubation was carried out over one night at 4 C, and over two nights for anti-Nc82. Secondary antibodies used were Alexa 488-and Alexa 555-conjugated anti-rabbit, anti-chicken and anti-mouse IgG (1:1,000) (Molecular Probes). Preparations were mounted in Vectashield Mounting Medium (Vector Laboratories) on slides using coverslips (thickness no. 1) as spacers and imaged on a Zeiss LSM 510-meta confocal microscope.
Quantification of Me31B positive granules in PN clones
Somatic Me31B punctae were analyzed by the MATLAB plug-in ''Spotnik'' (Hillebrand et al., 2010) .
Recombinant protein expression and purification Codon optimized Atx2 ORF for E. coli was synthesized from Invitrogen. The Atx2 IDRs regions were cloned in pET22b protein expression vector to produce fusion proteins with SNAP-MBP tag at the N terminus and 6X His-tag at the C terminus of the protein. Atx2 mIDR was expressed with the flanking amino acid sequences (351-750aa), and cIDR was expressed from 900-1080aa. For mIDR PD-PQ deletion, the amino acids 420-440 corresponding to PD domain and 548-656 corresponding to PQ12 were deleted from mIDR bacterial expression plasmid.
Freshly transformed BL21DE3 cells were grown at 37 C in terrific broth and induced at OD 0.8 and shifted to 18 C overnight. The harvested culture was lysed by sonication in lysis buffer containing 20mM Tris pH8.0, 1M NaCl, 1mM DTT and Roch EDTA free protease inhibitor cocktail. Proteins were purified on Ni-NTA agarose resin and eluted with buffer containing 20mM Tris pH8.0, 300mM NaCl, 1mM DTT and 300mM Immidazole. The eluted proteins were desalted and further purified with HiTrapQ HP Sepharose column. Following ion exchange, the proteins were dialyzed against buffer containing 20mM Tris, 150mM NaCl, 1mM DTT, 20% glycerol pH 8.0 at 4C and stored at À80 C till use.
Liquid-Liquid Phase Separation Assays
The purified proteins were labeled with SNAP-548 and cleared with Zebra spin desalting column. LLPS reaction was set in buffer containing 20mM Tris pH 8.0, 300mM NaCl and 1mM DTT. 10 mM labeled protein was mixed with PEG3350 to 10% final concentration to initiate LLPS. 100 mL of the LLPS reaction was transferred to the glass bottom 96 well plate and left to settle at room temperature for 1 hour and imaged using FV1000 confocal microscope with 20X objective. For mIDR and Delta PDPQ mIDR, 2mM of invitro transcribed AU rich RNA was used in the reaction to induce LLPS.
Gel shift assays
The AU rich in vitro transcribed RNA with an A5 tail was 32 P body-labeled at G. Atx2 IDR proteins were expressed and purified from E. coli with Ni-NTA beads. Binding reactions were conducted in buffer containing 20mM Tris, pH 8.0 containing 100mM KCl and 2mM DTT. Labeled probe was added to protein and incubated at RT for 30min. Binding reactions were resolved with 6% non-denaturing polyacrylamide gel electrophoresis and visualized by autoradiography.
S2 cells transient transfections and arsenite stress
Transient transfections were performed using Effectene reagent with manufacturers protocol (QIAGEN). Post transfection, the cells were grown for additional 72hrs before imaging using FV1000 confocal microscope. For UAS plasmids, actin-Gal4 plasmid was cotransfected. To induce stress, cells were treated with 500 mM sodium arsenite in S2 cell media for 3 hours. Expression of Rin-V5 was induced by adding 1mM CuSO 4 in S2 cell media for 5 hours prior to imaging (Aguilera-Gomez et al., 2017) . Immunofluorescence was carried out on cells fixed with 2.5% PFA for 10mins on ice followed by 3X washes with buffer M1 (150 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 20 mM HEPES, pH 6.9). Cells were permeabilized with 0.37% NP40 followed by blocking and immunostaining in buffer M1 buffer with 2% BSA. Cells were incubated with primary antibody for overnight at 4 C and secondary antibody for 2hrs at room temperature. Primary antibodies used: chicken anti-Atx2 (1:500), mouse anti-Me31B (1:1000) (Nakamura et al., 2001) , rabbit anti-GFP (1:1000) (Molecular Probes), chicken anti-GFP (1:1000) (Abcam), anti-Caprin antibody (Papoulas et al., 2010) . Secondary antibodies used were Alexa 488-and Alexa 548-conjugated anti-rabbit, anti-chicken and antimouse IgG (1:1000) (Molecular Probes). SNAP staining was performed using SNAP-Surface-549 (NEB) using manufacturers protocol. Preparations were mounted in Vectashield Mounting Medium (Vector Laboratories) and imaged on a FV1000 confocal microscope.
FRAP Analyses
Transiently transfected S2R+ cells were used for FRAP analysis. GFP tagged HR constructs for Atx2 was transfected into S2R+ cells using effectene reagent (QIAGEN). 72hrs post transfection, the cells were transferred to a coated coverslip embedded on imaging dishes. GFP positive granules were photobleached with 100% 488nm laser illumination for 30msec and time-lapse images were captured pre and post bleaching.
CaMKII reporter assay
For the quantification of myrGFP-CaMKII3 0 UTR reporter levels, female adult Drosophila brains of the respective genotypes were dissected in AHL, fixed for 20min in 4% paraformaldehyde diluted in PTX and washed in PTX 3 times for 20 min. Preparations were mounted immediately in Vectashield Mounting Medium (Vecta labs) and imaged on a Zeiss LSM 510-meta confocal microscope. The obtained images where quantified for mean fluorescence of CaMKII-GFP in specific areas of interest, averaging the intensity throughout 20 slices of the antennal lobe.
Drosophila Eye and Viability Analysis atx2 delta-IDR flies, generated here using CRISPR mediated genome engineering, were recombined with UAS-GFP-GR50, UAS-GFP-GA50 (UAS-DPR for ''dipeptide repeat'') or UAS-FUS flies. The UAS-DPR or UAS-FUS expression was driven in the fly eye with GMR-GAL4 in wild-type or its atx2 delta-IDR mutant backgrounds as specified. Phenotypic analysis was assessed at 25 C. The experiments were repeated with 3 independent sets of crosses and the numbers pooled to calculate the percentage death and degeneration. Representative images for each genotype are presented. Visible necrosis is scored as degeneration and pupal death is scored for viability. Both males and females were assayed for this analysis.
External eye microscopy
The eye pictures in Figure 8A were acquired using the Nikon Stereomicroscope SMZ25 at 1X magnification with a 10X zoom. NIS Elements Software was used to acquire and reconstruct the images.
Computational detection of IDRs
The prion aggregation prediction algorithm (PAPA) (Toombs et al., 2012) was used alongside PLAAC (Lancaster et al., 2014) to predict prion domains. To identify low complexity domains we applied the DISOPRED3 method via the PSIPRED protein analysis workbench (Buchan et al., 2013; Jones and Cozzetto, 2015) .
QUANTIFICATION AND STATISTICAL ANALYSIS
The number of biological replicates, animals and cells are specified in the figures and figure legends. The errors are represented as ± SEM with p values calculated using two-way ANOVA or Student's t test in MS Excel.
